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ABSTRACT
Stellar halo substructures were identified using statistical photometric parallax of blue main sequence
turnoff stars from fourteen Sloan Digital Sky Survey stripes in the north Galactic cap. Four structures
are consistent with previous measurements of the Sagittarius dwarf tidal stream: the leading tail, the
“bifurcated” stream, the trailing tail, and Stream C. The stellar overdensity in Virgo, about 15 kpc
from the Sun, could arise from the crossing of the Parallel Stream and a new, candidate stream dubbed
the Perpendicular Stream. The data suggests the presence of a wide stream near NGC 5466, with a
distance of 5 to 15 kpc. Measurements of the flattening of the smooth stellar halo from the fourteen
stripes average q = 0.58, with a dispersion of 0.04.
Keywords: catalogs — Galaxy: halo — Galaxy: structure — methods: data analysis — methods:
statistical
1. INTRODUCTION
Statistical photometric parallax (Newberg 2012) is a method for determining the underlying density distribution
of a stellar population, using statistical knowledge of the absolute magnitudes of the stars in that population. This
technique is particularly useful for tracing density distributions using main sequence turnoff (MSTO) stars, which vary
in intrinsic brightness by about two magnitudes. MSTO stars from the Sloan Digital Sky Survey (SDSS; York et al.
2000) have been used to discover density substructure in the Milky Way’s stellar halo (Newberg et al. 2002), to create
the Field of Streams image (Belokurov et al. 2006), and to trace the stellar halo number density (Juric´ et al. 2008). In
older stellar populations, MSTO stars are the brightest main sequence stars, which are far more numerous than giant
stars. The method for applying statistical photometric parallax to SDSS MSTO stars to obtain density measurements
of halo substructure has been developed in Cole et al. (2008); Newby et al. (2011, 2013); Weiss et al. (2018).
MilkyWay@home (Newberg et al. 2014) is a powerful volunteer computing network, delivering ∼ 1 petaFLOPS of
computing power to statistical photometric parallax calculations. Each node computes the likelihood of one set of
density model parameters, given the observed positions and magnitudes of turnoff stars. The optimization algorithms
on MilkyWay@home are described in Desell et al. (2007, 2010, 2011, 2017). Weiss et al. (2018) demonstrated that
MilkyWay@home is capable of recovering the parameters of three tidal streams and a smooth background distribution
in a single 2.5◦-wide SDSS stripe of data. Here, we use MilkyWay@home to fit stripes 10 through 23 in the SDSS
north Galactic cap.
2. DATA SELECTION
We select our MSTO stars from SDSS Data Release 7 (DR7; Abazajian et al. 2009), with the criteria: g0 > 16,
0.1 < (g−r)0 < 0.3, (u−g)0 > 0.4, and EDGE and SATURATED flags not set (Newberg & Yanny 2006; Newberg et al.
2002). We use the subscript “0” to indicate that the magnitudes are reddening corrected using the Schlegel et al. (1998)
dust maps. The effects of reddening are small since we select stars with b > 30◦. The (g − r)0 cut picks out bluer
MSTO stars, while avoiding redder thick disk MSTO stars. The (u − g)0 > 0.4 cut eliminates quasars. The length of
the stripes is limited to minimize contamination from low latitude substructure. We also removed a region of the sky
around each of the globular clusters: NGC 4147, NGC 5024, NGC 5053, NGC 5272, and NGC 5466.
An SDSS “wedge” includes a volume defined by the angular limits of a stripe and the heliocentric distance to the
most distant object in the dataset. Each SDSS stripe is 2.5◦ wide, and typically 140◦ long. Most MSTO stars are
within 45 kpc of the Sun, though intrinsically brighter MSTO stars can be observed to about twice this distance.
2Since the density varies only a small amount in the narrow direction, we often depict the stellar density in each stripe
using a polar plot with the radius proportional to the distance and the angle given by µ, the angular distance along
the stripe in SDSS Great Circle coordinates. Sample wedge plots are shown in the leftmost panels of Figure 1.
3. MODEL OVERVIEW
We model the Milky Way halo on a stripe by stripe basis with a Hernquist profile (Hernquist 1990), an exponential
thick disk, and three tidal streams. A detailed description of our density model and fitting technique can be found in
Weiss et al. (2018).
The scale radius of the Hernquist profile is fixed at 12 kpc. We fit a flattening parameter, q, and weighting factor,
εsph. The flattening parameter allows us to fit an oblate (q < 1) or prolate (q > 1) spheroid. The weighting factor
indicates the fraction of the smooth background (Hernquist plus disk) stars assigned to the Hernquist profile.
We fit our streams with cylinders whose axes lie in the direction of the stream and densities that decline with distance
from the cylinder axis as a Gaussian. Each stream fit requires six parameters: ε, the number of MSTO stars in the
stream; µ, the angular position of the stream center along the stripe; R, the distance of the stream center from the
Sun; θ and φ; the orientation of the cylinder axis; and σ, the standard deviation of the Gaussian density decline with
distance from the cylinder axis. We restrict the stream center to lie on the center of the stripe (ν = 0) to prevent
degeneracies in our parameter space.
4. FITTING RESULTS
This model, with three streams per stripe, was fit to fourteen SDSS stripes in the north Galactic cap. The rationale
for fitting three streams was that we expected the largest overdensities in the spheroid to be the Sagittarius (Sgr)
leading tail (Majewski et al. 2003; Belokurov et al. 2006; Newberg et al. 2007; Koposov et al. 2012; Belokurov et al.
2014; Hernitschek et al. 2017); a fainter stream that appears to split off from the Sgr stream (the “bifurcated” stream
Belokurov et al. 2006); and an overdensity in Virgo. The Virgo Overdentisy is a photometric overdensity which
contains kinematic substructures like the Virgo Stellar Stream (Vivas et al. 2001; Duffau et al. 2006; Juric´ et al. 2008)
and other smaller moving groups (Newberg et al. 2007; Duffau et al. 2014). The stream parameters were constrained
within the ranges: −20 < ε < 20, 2 < R < 100 kpc, 0 < θ < 3.14 radians, 0 < φ < 3.14 radians, and 0.1 < σ < 25
kpc. µ was constrained to be with the stripe limits.
The smooth background fit parameters we obtained are given in Table 1. They suggest an oblate stellar halo with a
low disk fraction in our dataset; the low disk fraction is expected since the (g−r)0 color cut was designed to select stars
bluer than the thick disk turnoff. The flattening parameter is surprisingly consistent; the stellar halo has a flattening of
0.58 with a dispersion in the measurements of 0.04, and is consistent with results previously reported by Newby et al.
(2013) even though we fit a slightly different background model. The dispersion in measurements is somewhat larger
than the statistical error in each measurement, which suggests systematic error due to an imperfect density model.
The positions of the 42 stream centers (three for each stripe) are shown in the top panel of Figure 2 and Figure 3.
Positions of known globular clusters in these figures are taken from the Harris catalog (Harris 1996). We compared
these stream positions with the locations of known streams, and looked for alignments in position and distance.
We identified seven candidate tidal stream fragments, as suggested in Figures 2 and 3. The parameters for our
stream fits can be found in Table 2. The statistical errors are calculated from the width of the peak of the likelihood
surface, using the method detailed in Weiss et al. (2018). Thirteen stream centers were not included in the table; half
of these were discarded because they were located on the very end of a stripe, and the other half appeared to be placed
between two or more identified streams.
Four fragments appear to be associated with the Sgr stream: the leading tidal tail, the “bifurcated” stream, Stream
C from Belokurov et al. (2006), and the trailing tail (Belokurov et al. 2014). Note that the Sgr leading tail, that
appears to dominate the sky in the density plots such as are shown in Figure 2, is not identified in six of the fourteen
stripes. This is likely due to the presence of more than three streams in many of the stripes; in particular there are
multiple streams that appear to cross in the center of the sky area, where the stellar density is highest. Note that all
of the “bifurcated” stream identifications are in stripes that do not include Sgr stream identifications; all of these fits
could be a combination of Sgr and the “bifurcated” stream. Also note that the Sgr trailing tail is located farther away
than the majority of the stars in the sample, and in fact farther than we expected to fit substructure. It is believed
that the distant trailing tail connects to Stream C, but in this diagram that connection is not obvious due to the
disparate sky positions of these two structures; the centers of the trailing tidal tail do not appear to be in the same
plane as the leading tidal tail.
3A third of our identified bits of substructure are at a distance of 15 kpc from the Sun, and most of them are
inconsistent with the Sgr dwarf tidal stream. Because they appear to separate into two roughly linear structures, we
tentatively identify the Parallel Stream, approximately parallel to the Celestial Equator (after Sohn et al. 2016) and
the Sgr stream, and the Perpendicular Stream, roughly perpendicular to the Celestial Equator.
We also note that three bits of substructure are aligned with the NGC 5466 stream (Belokurov et al. 2006;
Grillmair & Johnson 2006; Fellhauer et al. 2007). Note, however, that the identified substructure is much too wide to
have a globular cluster progenitor. Also, the apparent substructure is 2 kpc closer to the Sun in the direction of NGC
5466. The apparently wide substructure, however, could easily enclose the globular cluster and its tidal stream.
A simulated dataset was created with the fit parameters for each stripe, using the process described in Weiss et al.
(2018). A comparison of the density distribution on the sky of this generated data to the SDSS data is also shown
in Figure 2 and the wedge plots in Figure 1. A comparison of panels 2 and 3 in Figure 2 shows that we are missing
some substructure in our model, in particular much of the “bifurcated” stream. The incomplete characterization is
confirmed by looking at the residual plots in the rightmost panels of Figure 1, in which we can see substructure missed
in the optimization.
5. DISCUSSION
Our results suggest the existence of far more than three streams in the volume explored. The middle stripes in prin-
ciple could intersect all seven of the identified substructures, in addition to other unfit streams like the Orphan Stream.
The Orphan Stream is known to cross this region of the sky and is visible in the Field of Streams (Belokurov et al.
2006), but is not detected. The stream can be clearly seen in a subset of our data with the apparent magnitude turnoff
of stars in the Orphan Stream; it is possible that we are not fitting enough streams to detect it. Our model can be
extended to fit an arbitrary number of streams and future work will attempt to determine the optimal number of
streams to fit to the data.
One of the effects of fitting too few streams is systematic uncertainty in our fit stream parameters, especially
direction and width. The width might be widened or the center shifted if the algorithm attempted to fit multiple
halo substructures to one model stream. However, since many of the stream centers fit known streams and many
others are aligned, we are confident that we are tracing stellar halo substructure in the north Galactic cap. The newly
proposed streams connect 3-4 independently fit stream centers, further decreasing the probability that they follow
spurious substructure. Future work will explore the effects of fitting when the model is less complex than the actual
stellar halo, in addition to adding more streams to the model.
Our Sgr leading tail candidate stream centers are consistent with those found in Belokurov et al. (2006),
Newberg et al. (2007), Belokurov et al. (2014), and Newby et al. (2013) for 8 out of 14 stripes. Our model did
not fit the leading tail in stripes 12, 14, 15, 16, 17 and 20, possibly because three streams were not sufficient to
describe the substructure in these stripes for our model to fit it all with only three streams.
Positions for the “bifurcated” stream were found in four stripes. The results are consistent in distance with those
found in Belokurov et al. (2006), Newberg et al. (2007), and Belokurov et al. (2014), but the sky positions are incon-
sistent. This is possibly due to an attempt to fit both the “bifurcated” stream and the Sgr leading tail with a single
stream in these stripes.
We find a group of stream centers at 100 kpc in stripes 11, 16, 18, 19, and 20 between (RA, dec) positions of
(130◦, 15◦) and (151◦, 2◦). These stream centers could be the Sgr trailing tail, since Belokurov et al. (2014) found
this stream between 70 and 100 kpc in approximately this sky direction. However, Belokurov et al. (2014) did not
specify the stream’s angular position on the sky, so the association is somewhat tentative. It should be noted that
our distance and µ uncertainties are large, and our measured stream widths are extremely large; large systematic
uncertainty is likely because our distances are constrained to be 100 kpc or less, and several of the fit results are at
this fitting limit. This could indicate that we have a poor fit to the trailing stream. Oddly, the width of the Stream C
candidate, which could also be associated with the trailing tidal tail, is also extremely large. But Stream C was also
found on a stripe in which the Sgr dwarf tidal stream was not identified, so this structure could also be fitting two
streams simultaneously and thus have an erroneous width. However, if the large widths and precessed orbital plane
are confirmed, these results will have implications for the flattening of the Milky Way gravitational potential; wide
streams can form in an oblate or very lumpy gravitational potential (Ibata et al. 2001; Siegal-Gaskins & Valluri 2008;
Ngan et al. 2016; Sandford et al. 2017).
4The proposed Parallel and Perpendicular streams cross each other in the same sky location and at the same distance
as the previously identified overdensity in Virgo. A clear explanation for the Virgo Overdensity and the associated
Virgo Stellar Stream has been elusive and recent results suggest some or all of the overdensity could be possibly the
result of an ancient massive merger that came in on a highly eccentric orbit, known as the Gaia “Sausage” (Simion et al.
2018). Carlin et al. (2012) also attributed the Virgo Overdensity to an accretion event on a highly eccentric orbit that
is aligned, within errors, with the Parallel Stream in our data, and also puffs out to include disrupted stars at the
distance at which Sohn et al. (2016) found three stars with coherent proper motions in an HST pencil beam at (RA,
dec) = (158◦, 7◦). The three stars lie between our Parallel Stream centers in stripes 12 and 14, at a distance of 32
kpc, which is twice our distance of 14-16.5 kpc for this stream. A full explanation of the relationship between all of
these structures is beyond the scope of this paper, but our preliminary results suggest there could be two substructures
crossing in the highest density region of Virgo Overdensity, near (RA, dec) = (191◦, −3◦). Our Perpendicular Stream
extends from (RA, dec) = (186◦, 7.5◦) to (184◦, 27.5◦) at a heliocentric distance of 15 kpc. If extrapolated 5◦ to the
south, it crosses the Parallel Stream precisely in this highest density region. This could explain multiple line-of-sight
velocities seen in this region by Duffau et al. (2006) and Newberg et al. (2009). The candidate Perpendicular Stream
passes close to the globular cluster NGC 4147, which could be associated.
The candidate stellar stream near the globular cluster NGC 5466 extends from an (RA, dec) of (217◦, 19◦) to
(191◦, 32.3◦), at a distance of 5 to 15 kpc. This is close to, but about 5◦ south of, the NGC 5466 stream as depicted
in Grillmair & Carlin (2016). It is possible that our NGC 5466 stream could be associated with a dwarf galaxy that
was the progenitor of this stream. This is the weakest stream detection, with only 3 potential stream centers.
6. CONCLUSIONS
Using improved fitting methods outlined in Weiss et al. (2018), we fit 7 candidate stream fragments in the north
Galactic cap using blue MSTO stars from the SDSS as tracers:
1. The candidate Perpendicular Stream, if confirmed, would be a new discovery, and could contribute to the
overdensity of stars found in Virgo. The globular cluster NGC 4147 could be associated with this potential
stream.
2. Another candidate stream, if confirmed, could connect the previously discovered Parallel Stream identified by
Sohn et al. (2016) with the Virgo Overdensity.
3. A third candidate stream is aligned with the previously identified NGC 5466 stream, but is offset by about 5◦
and appears to be considerably wider and somewhat closer to the Sun. It is possible that this stream progenitor
was a dwarf galaxy that contained the globular cluster.
4. Four additional candidate streams are associated with previously identified structures that are believed to arise
from the tidal disruption of the Sagittarius dwarf galaxy; our stream centers for the Sgr structures (leading tail,
“bifurcated” stream, Stream C and the trailing tidal tail) are reasonably consistent with previous literature.
We have shown that there is significant halo density substructure beyond what was expected from a smooth halo plus
a single Virgo Overdensity, the Sgr dwarf tidal stream and the associated “bifurcated” stream. To fit halo substructure,
our halo model must be more complex and include additional streams.
The smooth background component was consistently and independently fit in 14 stripes with an average flattening
of q = 0.58 and a measurement dispersion of 0.04. The consistency of the smooth component is notable given the
challenge encountered in fitting the stellar substructure.
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5Table 1. MilkyWay@home smooth background parameters for a Hernquist halo with a thick disk. These results are all show
a low disk weight and an oblate halo.
Halo Fits from MilkyWay@home
Stripe εsph q
10 0.9979 ± 0.0004 0.54 ± 0.02
11 0.9980 ± 0.0003 0.54 ± 0.02
12 0.9972 ± 0.0003 0.61 ± 0.01
13 0.9982 ± 0.0003 0.54 ± 0.01
14 0.9972 ± 0.0003 0.62 ± 0.01
15 0.9976 ± 0.0003 0.57 ± 0.01
16 0.9970 ± 0.0004 0.58 ± 0.02
17 0.9968 ± 0.0003 0.62 ± 0.02
18 0.9969 ± 0.0004 0.62 ± 0.01
19 0.9968 ± 0.0005 0.57 ± 0.02
20 0.9967 ± 0.0003 0.64 ± 0.02
21 0.9977 ± 0.0004 0.62 ± 0.03
22 0.9970 ± 0.0007 0.51 ± 0.03
23 0.9979 ± 0.0004 0.55 ± 0.03
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Figure 1. Wedge plots and residuals for SDSS stripes 12,13, and 23, fit by MilkyWay@home. Left panels show the SDSS data.
Middle panels show the density simulated from the fit model parameters, and right panels show the residuals between the two.
Each pixel shows the MSTO density in a 1 kpc by 1 kpc by 2.5◦ pixel. Note that the color scale of the residual is different for
each wedge.
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Figure 2. RA and dec of streams centers (blue filled circles) fit by MilkyWay@home and comparison of density model to SDSS
data. Colored lines suggest the Sgr leading tail (red), the “bifurcated” stream (magenta), the NGC 5466 stream (orange), the
Perpendicular Stream (gold), the Sgr trailing tail (cyan), and the Parallel Stream (green). Green diamonds show the positions
of globular clusters. The model density (lower panel) shows that we fit the SDSS data (middle panel) fairly well, but we are
missing part of the “bifurcated” stream.
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Figure 3. RA and magnitude of stream centers fit by MilkyWay@home. Symbols and stream colors are as described in Figure
2. A large number of stream centers are fit with 180 < RA < 200 and 10 < R < 18 kpc. The Sgr stream positions from
Belokurov et al. (2006) are shown with asterisks.
